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@ Active clearance control. 

@ The Invention relates to a contro! system which controls 
the diameter of a turbine shroud which surrounds a turbine in a 
gas turbine aircraft engine. The Invention seeks to minimize the 
clearance (33) between the turbine rotor blades (123) and the 
shroud (36). Air is bled from the compressor (18) in the engine 
and ducted (98.112) to the shroud in order to heat or cool the 
shroud in order to, respectively, eitiier expand or shrink the 
siiroud to a proper diameter The air temperature which Is 
required is computed based on compressor speed and other 
engine parameters, but not necessarily upon rotor temperature 
as such, despite the fact that rotor temperature has a significant 
influence upon rotor diameter, and thus upon the shroud 
diameter needed. In a preferred embodiment, air at two 
different temperatures is bled from two different compressor 
stages (83,89) in the engine and mixed together (98) in a ratio 
which is determined (by valve 94) according to flight conditions, 
in order to provide air of the required temperature for the 
shroud, and then ducted to the shroud in order to modify 
shroud size. Further, during accelerations and decelerations of 
the engine, a different air temperature is prodded, as compared 
with that provided during steady state operation, in the event of 
system failure shroud diameter can be controlled by back up 
systems. e.g. one for use during steady state, and the other for 


use during accelerations and deceterattons. 
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Description 


ACTIVE CLEARANCE CONTROL 


The invention relates to controlling the clearance 
between (1) the tips of turbine blades in a gas 
turbine engine and (2) the shroud which su^ounds 5 
the turbine. 

In the following discussion and description, 
dinrtenslons given In Inches convert to millimetres by 
multiplication by 25.4: pressures given In pounds per 
square Inch (psi) convert to Newtons per metre 10 
square (N/m2) by multiplication by 6895. 

As a basis for discussion of the background to the 
invention Fig 1 Illustrates a twin spool, high bypass 
gas turbine aircraft engine. The first spool includes a 
shaft 3 which carries a fan 6, a booster compressor 15 
9. and a low-pressure turbine 12. A second spool 
Includes a shaft 15 which carries a high-pressure 
compressor 18 and a high-pressure turbine 21, In 
operation, an incoming alrstream 24 Is compressed 
by booster 9, further compressed by high-pressure 20 
compressor 18, and delivered to a combustor 27. 
Therein, fuel is Injected, the mixture burns, expands, 
and exhausts in sequence through the high-press- 
ure turbine 21 and the low-pressure turbine 12, 
providing energy to rotate the turiDlnes, the com- 25 
pressors, and the fan 6. The fan generates a 
propulsive airstream 30. 

The clearance, represented by dimension 33, 
between the high-pressure turbine 21 and a shroud 
36 which surrounds it, must be maintained as small 30 
as possible In order to prevent leakage of air through 
. the.xlearance 33. Leaking air Imparts little or no 
momentum to the turbine, and thus represents a 
loss in energy. One possible solution to the leakage 
problem may be thought to He In the expedient of 35 
manufacturing the engine such that the clearance 33 
is a small dimension, such as 1/1000th of an inch. 
However, this approach is not feasible, as Figure 2 
will Illustrate, in that figure, the turbine blades and 
the shroud are shown in two states, namely, their 40 
cold, unexpanded state, labeled by numerals 40 and 
42, and their hot. expanded state, drawn In phantom 
and indicated by numerals 44 and 46. 

The expansion of the turbine rotor can be viewed 
as resulting from the combined effects of three 45 
factors: (1) centrifugal expansion of the turbine rotor 
disc occurlng from ground idle to takeoff, which Is 
Indicated by numeral 123 In Rgure 1. and which can 
amount to an increase in radius of the turbine blades 
(dimensfon 49A In Figure 2) of about 0.020 inches; 50 
(2) thermal expansion of turbine rotor disc 123 iri 
Figure 1. which Is approximately equal to the 0.065 
Inch centrifugal expansion; and (3) thermal expan- 
sion of the blades themselves, which increases the 
dimension 49A in Figure 2 by about 0.005 inch. 55 

At about the same time that the tip radius 49A in 
Figure 2 is changing, the hot gas stream passing 
through the turbine blades causes the shroud 44 to 
expand to phantom position 46. In particular, during 
an acceleration from ground idle to a speed of &) 
14,500 rpm in the high pressure turbine 21 In Figure 
1, the events just described occur In generally the 
following sequence: (1) centrifugal expansion of the 


rotor disc, which Is immediate, followed by (2) blade 
thermal expansion, followed by (3) shroud thermal 
expansion, and, finally. (4) rotor disc thermal 
expansion. 

Although this sequence is oversimplified, since 
the actual cooperation of the four factors is more 
complex than just described, the following principle 
Is clear. Given the dimensional changes assumed, 
the clearance 33. when the components are non-ro- 
tating, must exceed 0.025 Inches, because the 
centrifugal expansion of the disc (0.020 inch), 
together with the thermal expansion of the blades 40 
(0.005 Inch), will consume this clearance, before the 
thermal expansion of the shroud 42 will move the 
shroud out of the way. However, this clearance of 
0.025 inches allows leakage losses at the blade tips 
which are preferably avoided. 

Further, the thermal expansion of the shroud 42 
from the solid position shown to the phantom 
position 46 is about the same as the thermal 
expansion of the rotor disc, which is about 0.020 
Inches, as stated above. However, as also stated, 
the shroud thennal expansion precedes disc themiai 
expansion by 10 to 30 minutes, depending on rotor 
rpm. Therefore, during this period, an unwanted 
clearance of up to 0.020 Inches can exist. - ■ - r u nc- 

It Is an object of the present invention to provide a- 

new and improved active clearance control for' g'ei^ 
turbine engines. r.v:r. .:<}/ 

In one form of the invention, diameter of a tiiriDine 
rotor Is inferred from turbine speed. Based dri this" '^^-^ ■ 
inferred diameter, hot and cold air are blowri^ upoh ^ 'i 
the shroud sun-oundlng the turbine in order-^-16' na/ ;> 
expand or shrink the shroud as appropriate IriWdfer ^fi? 'A h 
to maintain the distance between the turbine and the 
shroud at a proper level. 
In the accompanying drawings: 

Figure 1 illustrates a gas turbine engine in 
cross-section, as already described. 

Figure 1A Illustrates selected components of 
Figure 1. 

Figure 2 Illustrates clearance in a turbine, also 
as already described. 

Figures 3A-3F Illustrate six different positions 
of a valve poppet 94. 

Figure 4 Illustrates an overview of the Inven- 
tion. 

Figure 5 illustrates percentage of valve 
aperture plotted versus valve poppet position. 

Figure 6 Illustrates a second overview of the 
Invention. 

Figures 7-13 illustrate In greater detail the 
blocks of Figure 6. 

Figure 14 illustrates a Bode diagram of a 
Proportlonal-Integral-Derivatlve Controller. 

Figures 16A-15C illustrate the time behavior 
of two signals of Figure 7. 
The following discussion will give (1) a very 
generalized overview of the invention, (2) a descrip- 
tion of equipment used by the Invention. (3) an 
overview of the control system, followed by (4) a 
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detaRed description of the control system. 


Overview 

5 

A generalized overview of the Invention Is given in 
Figure 4. Blocl< 60 computes the temperature of the 
turbine rotor, based on rotational speed of the rotor. 
Then, block 63 calculates the proper shroud tem- 
perature for this rotor temperature. The Inventors io 
•point out that no diameters are calculated: rotor 
temperature allows one to calculate rotor diameter. 
Rotor diameter determines shroud diameter, which 
determines the shroud temperature needed. Thus, 
the necessary shroud temperature can be obtained is 
directly from rotor temperature. 

In order to bring the shroud to the demanded 
temperature, a Proportional Integral Derivative (PID) 
controller, indicated In block 66, controls by using a 
valve, two sources of air (not shown), in order to 20 
drive the shroud to the proper temperature. The two 
sources of air are obtained from two different 
compressor stages of the engine. 

Because the equipment represented by blocks 60 
and 63 can fail, back-up systems represented by 55 
blocks 71. 72 and 74 are provided. These latter 
blocks compute back-up demanded valve positions 
based on rotor temperature. Block 68 decides 
whether the back-up system should be used. If so, 
block 74 inquires whether a transient is occurring. If 30 
so, block 72 provides a back-up valve demanded 
position which is; proper during a transient, If no 
transient Is occurring, block 71 provides a back-up 
demanded valve position which Is proper for steady^ 
state operation. ; ' , 35 

f the back-up demanded valve positions are com- 
puted based on|^ factors ^uch as (1) whether the 
erigine is undergoing an acceleration or a decelera- 
tion (i.e., undergoing a transient) or operating at 
steady-state; (2)" if a transient is occurring; this" 40 
intensity of the transient; (3) whether temperature 
sensors, which Indicate shroud temperature, have 
failed; (4) whether a condition, later described, 
known as "hot rotor reburst" Is about to occur; and 
(5) whether the aircraft Is undergoing a takeoff 45 
maneuver. This discussion will now turn to a more 
detailed description of equipment used in the 
invention, starting with a description of hardware 
which controls shroud temperature. 

SO 

Equipment 

Figure 1A is a simplification of Figure 1. and 
shows, in addition, a valve 80 which controls the hot ss 
and cold air described above. A fifth stage com- 
pressor bleed, taken at point 83 in Figure 1A. 
supplies air at approximately 700° F and 150 psia 
(pounds per square inch absolute) to a first chamber 
86 of the valve 80. A ninth stage bleed, taken from 60 
point 89. supplies air at approximately 980° F and 
380 psia to a second chamber 92 in the valve. The 
valve poppet 94 can move leftward and rightward as 
indicated by an^ow 96. The position of the valve 
poppet 94 determines the relative percentages of 65 


fifth stage and. ninth stage bleeds delivered to an 
output chamber 98 for mixing, (Further explanation 
of this mixing Is given below, in connection with 
Figure 3.) 

The output chamber 98 is connected to manifolds 
101 which sunround rings 104 which support the 
shroud 36. As Indicated by arrows 109. the air 
delivered to the manifolds 101 is blown upon the 
rings 104. thereby altering the temperature of the 
rings, thereby expanding or contracting the rings. In 
order to change the diameter of the shroud 36 to the 
diameter which is proper for the prevailing turbine 
diameter. 

The valve 80 in Figure 1 A also has a bleed feature, 
further explained below, which bleeds ninth stage 
compressor air Into the turbine exhaust 110 Just 
downstream of the turbine as Indicated by arrow 
112. This type of bleed serves to maintain stall 
margin during engine starting, as known in the art. 

Figure 3A - 3F illustrate the relative fractions of 
fifth stage and ninth stage air which can be attained 
In output chamber 92, depending upon the position 
of the valve poppet 94. The position of the valve 
poppet Is given in terms of percentages. The 
percentages refer to the actual linear displacement 
of the poppet from Its rightmost position, but 
expressed as a percentage of the displacement * 
when in the leftmost position. As an example, when 
the poppet is In the full rightmost position, the 
displacement is Wo, as Indicated in Figure 3A, If the 
poppet were fully In the leftmost position as In Figure 
3F, the displacement would be IOO0/0. If the poppet 
were half way between left and right positiorisrithe 
.displacement would be SOO/o. - - ' 

. As shown In Figure 3A. at Qo/o disp!acement;^bbth ' 
fifth stage and ninth stage air are supplied to Hhe 
shroud 36. The respective areas of the fifth stiage 
annulus 117A and the ninth stage annulus 117?;; at 
various, percentage positions are given Iri 'ithiB^^' 
following Table 1. "LPT' In table 1 refers to the* Low" 
Pressure Turbine 12 in Figure 1. and the numbers In 
the LPT column refer to the cross-sectional area of 
the passage In Figure 1A through which anrow 12 
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TABLE 1 


Displace" 
ment (<Vo) 

Fifth 
Stage 

Area fSn 
Inch) 
Ninth 
Stage 

1 DT 

n n 
U.U 

f\ OA 

0,84 

0.162 

0 


0.84 

0.162 

0 

o.o 

0.84 

0,0 

0 

9.5 

0.84 

0.0 


22.5 

0.84 

0.0456 

0 

60.0 

0.0 

0.107 

0 

62.5 

0.0 

0.107 

0 

65.0 

0.0 

0,0 

0 

70.0 

0.0 

0.0 

0 

75.0 

0,0 

0.234 

0 

80.0 

0.0 

0.234 

0 

100.0 

0.0 

0.234 

0.616 


The 00/0 displacement In Figure 3A is considered a 
failsafe position, as indicated, t>ecause it provides 
significant heating (9th stage air is hotter than fifth 
stage air), and thus expansion, of the shroud. That 
is, in the case of equipment failure, rt is desirable to 
maintain the shroud at a large diameter, and away 
from:the turbine, blades rather than at a small, or"'- - 
uncontrolled'dlameter. The heating provided by the • ^ 
00/0 displacement accomplishes the expansion; • . 
. Howeverv eyen;though, as the discussion immedi-; c ■ 

- . . ately.following^ Willi show,, a different position (the 
81.50/0 position in Figure 3E) provides a Jarger ; 

. amount of hotter 'airto the shroud, nevertheless, the / 
00/0 positionJs used as the fail safe position. One 
reason, is that a readily available actuator (not ■ . 
shown) such as a spring or hydraulic piston, can 
easily drive the poppet 94 against a seat 115 in order 
to attain the OO/o position. On the other hand, In the 
81.50/0 position, the poppet does not rest against 
such a seat, but "floats", and thus a more complex 
control system would be needed to maintain the 
poppet at the 8I.50/0 position. 

The position next to the OO/o position is the 12.50/o 
position, which delivers all fifth stage air, and no 
ninth stage air. to the shroud, as Indicated In Figure 
3B. 

The next position is the 62.60/0 position in Figure 
3C, whfch Is, In a sense, the converse of the 1 2.50/0 
position, because at the 62.5o/o position, only ninth 
stage air Is delivered to the shroud, as opposed to 
the case for the 12.50/0 position, wherein only fifth 
stage air is delivered. The poppet 94 can be 
modulated, by actuators known in the art. to occupy 
positions intermediate between the 1 2.50/0 position 
and the 62.50/o position in order to adjust the relative 
percentages of fifth and ninth stage air delivered to 
the shroud. The range of 1 2.50/0 to 62.50/o will be 
termed a modulation range. During operation In the 
modulation range, the temperature of the shroud is 
determined by the relative mass flows of fifth stage 
air. as compared with ninth stage air. 

The 7 Wo position, shown In Figure 3D, blocks off 


ail air from both the fifth and ninth stages. In the 7Wq 
position, no heating or cooling air is delivered to the 
shroud. 

The 81.5V0 position Is Illustrated In Figure 3E. The 
5 81 .50/0 position is similar to the 62.50/0 position of 
Figure 30 In the respect that both of them deliver 
exclusively ninth stage air to the shroud. However, 
as Indicated in Figure 5 and Table 1. the area of the 
ninth stage annulus 117 surrounding the poppet 94 
10 In Figure 3E is larger for the 81 .50/0 case (0,234 
square inches) as compared with the 62.5<yo case 
(0.107 square inches.) The 8I.50/0 position Is tenried 
a "super ninth" position, and is used when very rapid 
expansion of the shroud Is sought. 
15 Figure 3F illustrates the IOOO/0 position, in which 
ninth stage air is bled to both the shroud and to the 
low-pressure turbine, as mentioned above. The 
principle function of this type of bleeding is to 
reduce the tendency of the compressor to stall, as 
20 can occur during engine starting. Compressor 
bleeding for this purpose is known in the art. The 
cross-sectional area of 0.616 in Table 1 for the 1 0OO/o 
displacement refers to the total area of holes 117A In 
Figure 3F. 

25 This discussion will now turn to the control system 
which computes the desired shroud temperature 
and. in response, adjusts the position of the valve 
poppet 94 in Figure 1A in order to deliver air at the 
proper temperature and volume to the shroud. 

30 ^ •-•>'•■' \^ . ro; -; n ^i^ 

Control System >Overvlew >o i;,? 

■■■■^■\ • . Figure 6 gives an overview of the'control systemic 
35 \ The individual blocks of Figure 6 :are shown In 
: ' . greater detail in figures to be later described.;BIockn 

120 receives as: input N2. which is the rptationalx 
I speed of both the high-pressure. compressor 18:andr,. 

the high-pressure turbine 21 in Figure 1, and also 
40 receives ENGOFFTIME. which is an indicator of the 

length of time the engine has been running. Both N2 

and ENGOFFTIME are derived by apparatus known 

in the art. 

Based on N2 and ENGOFFTIME, block 120 

45 computes the temperature of the turbine rotor 123 In 
Figures 1 and 1A. The computed rotor temperature 
is given the name HPRTEMP as indicated In Figure 6. 
HPRTEMP Is fed to three blocks, namely, blocks 
126, 128 and 130. The first block 126 computes the 

50 demanded temperature (TCDMD) of the rings 104 in 
Figure 1A. As stated above, ring temperature 
controls the diameter of shroud 36. Demanded ring 
temperature Is computed based on three Inputs to 
block 126 in Figure 6: (1) the inferred rotor 

55 temperature, HPRTEMP. (2) rotor speed, N2, and (3) 
the temperature of the ninth stage bleed 89 in Figure 
1A, termed T3 in Figure 6. 

The demanded ring temperature, TCDMD. Is fed 
to a ring temperature controller, indicated by block 

60 133. Also fed to block 133 is the measured ring 
temperature, TO. The ring temperature controller 
provides a position signal on line 135 indicative of 
the percentage position to which poppet 94 in Figure 
1A should be driven In order to provide the correct 

65 amount and temperature of air to the shroud 


4 


7 


EP 0330 492 A2 


8 


manifold 101 . This position signal is fed to a demand 
selection block 138, which will now be discussed. 

It is possible that the temperature sensors which 
produce temperatures T3 and TC, which are fed to 
blocks 126 and 133, may fall. If such a failure occurs. 
It may be Impossible for these two blocks 126 and 
133 to properly compute their respective outputs. In 
such a case, other blocks 128 and 130 compute 
back-up (fail-safe) demands. The demand selection 
block 138 selects one of the valve position demands, 
either the signal produced by the ring temperature 
controller 133, or one of the back-up signals 
produced by blocks 128 or 130, In response to other 
signals which Indicate whether a failure has oc* 
curred. The demand selection block 138 then 
produces a signal, HPTCDMOO. based on the 
demanded signal selected, which is fed to a device 
known in the art (called a "position controller in 
Figure 6) which drives the valve poppet 94 In Figure 
1A to the desired position. The Individual blocks in 
Figure 6 will now be discussed In greater detail. 

DETAIi-ED DESCRIPTION OF COIMTROL SYSTEI^ 


Rotor Temperature Computation 

The rotor temperature calculation block 120 of 
Figure 6 is shown In more detail In Figure 7. The 
rotational speed of the high-pressure compressor 
N2 (I.e., core speed) feeds to both a rotor 
temperature schedule 140 and a^decay rate sche- 
dule 142. The rotor temperature schedule 140 gives 
the rotor terhperature which' will be attained,, at 
steady state,* for any given' core speed, N2. For 
example, a core speed of 7.000 rpm, as indicated, 
causes a steady-state rotor temperature of 0.75 to 
occur. (The vertical axis in the schedule 140 ranges 
from 0 to 1.5, and not in customary units of 
temperature, f Or' reasons which will become clear 
later.) 

The decay rate schedule 142 comes Into use after 
core speed changes, and causes the computed 
rotor temperature to mimic the behavior of the 
actual rotor temperature. Examples given later will 
Illustrate this mimicry. 

The actual variable computed Is HPRTEMP, as 
Indicated, which ranges from negative 1 to plus 1, 
and which indicates the degree of stabilization of 
rotor temperature. Restated, HPRTEMP indicates 
how much actual rotor temperature deviates from 
the steady-state temperature contained in schedule 
140. Further, HPRTEMP Is derived from core speed, 
N2, and not from direct temperature measurement. 
An example will illustrate the functioning of Figure 7. 

Assume that N2 has stabilized at 7.000 rpm. 
Therefore, the signal on line 145 has a value 
indicating that N2 equals 7,000 rpm. Assume also 
that the stabilized rotor temperature in block 140 
con-esponding to 7.000 rpm is 0.75, as indicated. As 
a result, the Input 147 to summer 149 Is -0.75. The 
other input to summer 149, at the positive temiinal 
151, is positive +0.75. This is so because a "Z- 
block" 153, containing the symbol Z-^ applies to 
positive input 151 the scheduled value existing at the 


last Iteration of the computation represented in 
Figure 7. [The reader is reminded that Figures 6 
and 7 are block diagrams representing computer 
code. Consequently, for example, point 155 (dis- 
5 cussed below) does not actually exist as a point in 
space. Point 155 represents the value of a variable 
computed at the relative time indicated.] 

Accordingly, the output of summer 149 at point 
155 is 0. This 0 output is fed to the positive terminal 

10 of summer 157, while the other Input, also positive, 
on line 159, is also 0, as will now be explained. Again, 
Z-block 161 applies the last iterated value existing at 
point 163 to summer 157. Let it be assumed that the 
signal on line 165 indicates a decay rate of unity. 

IS Therefore, at steady state, the signal resulting at 
point 163 is continually 0. (Zero at point 165 Is added 
to zero on line 159. The result Is multiplied by one In 
multiplier 167 to yield zero at point 163.) Maximum 
selector 169 and minimum selector 172 limit excur- 

20 slons of this signal between -1 and -h 1 as Indicated. 
(The symbol S + means that the maximum signal of 
the two inputs is selected.) Therefore, HPRTEMP, 
produced by maximum selector 169, at steady state, 
has the value of 0 indicating that no deviation exists 

25 in actual rotor temperature from the steady- state 
temperature at the present rotor speed. N2. 

Now an exaggerated, first example will be given 
which illustrates how HPRTEMP Indicates deviation 
from thennal stabilization by rotor 123 In Figure 1A. 

30 Assume that N2 Instantly jumps from 7.000 rpm to 
9000 rpm. In this case, normalized rotor temperature 
. In block 140 will jump from 0.75 to 0.95, as sh<Swny' 
Now, the negative Input to summer 149 Is '^.95.^^ 
. Z-block 153 adds to this the value 0.75. whicfr was^ 

35 the last previous output scheduled value. Now.^the 
output of summer 149 is ^.20, This, when added to' ^ 
•the last previous value at point 163, as applied b/^ 
Z-block 161 to summer 157 gives the value of ;<):20 i 
at point 163. (Again, it Is assumed that the decay^rate^^ 

40 signal on line 165 is unity.) Therefore, the variable ' 
HPRTEMP acquires a value of -0.20. 

This negative value of HPRTEMP Indicates that 
the present actual rotor temperature lags behind 
the actual rotor temperature which will be attained 

45 once steady state at the higher N2 Is attained. (A 
positive valve of HPRTEMP Indicates the converse: 
present temperature Is above steady-state tempera- 
ture for present speed.) The attainment of steady 
state by HPRTEMP will now be explained. 

50 At the next Iteration, the value of N2 Is still 9,000 
rpm, as before. Similarly, stabilized rotor tempera- 
ture Is still 0.95, and Is a negative Input to summer 
149. Both Z-block 153 and summer 149 add to this 
negative input the last scheduled value, which is 

55 0.95, thus providing an output of summer 149 of 0. 
This output is fed to summer 157, and is added to the 
last previous signal at point 163 by Z-block 161, This 
last signal was -0,20, so the output of summer blank 
157 is still -0.20. Consequently, the value of 

60 HPRTEMP is still at -0.20 at this point In time. 

The reader will note that the value of HPRTEMP of 
-0.20 after the first iteration was caused by summer 
149: the output of summer 157 was 0. However, in 
the second iteration, the output of summer 149 was 

65 zero and the output of summer 157 was -0.20. The 
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output of summer 157 Is maintained at -020 during 
subsequent iterations byZ-block 161 so long as the 
decay signed on line 165 Is unity. The decay of the 
-020 value to zero by a change In the decay signal Is 
discussed at the end of this section. 
The previous example has been oversimplified, at 
. least In the sense that the speed with which the 
variable N2 changed values, when compared with 
the speed with which the software does the 
computation described in Figure 7, has been greatly 
exaggerated for purposes of Illustration. In fact, the 
fastest acceleration of N2 to be expected is of the 
order of 1500 rpm's per second. In contrast, the 
length of time for the control computer to process 
the computation Illustrated in Figure 7 Is in the order 
of 120 milliseconds (ie. 0.120 second). 

A second, slightly more complex example, will 
Illustrate this point. Three important variables 
change during this example, namely, rotor speed 
(N2), and the values of the two signals at points 155 
and 163 In Figure 7, and plots of these changes 
occurring In this example are shown In Figures 
15A-15C. 

Let it be assumed that the length of time to 
execute the computation between point 175 (on the 
left) and point 177 (on the right) is one millisecond 
(0.001 second). Let it also be assumed that the rotor 
speed, indicated by N2. Is accelerating at the rate of 
ten rpms per millisecond, beginning with a steady- 

. stateyaiue of 7,000 rpm.,As before, just before' the 
onsetof the acceleration; HPRTEMP has a value'of ' 

. 0. Now, assurrib that a*tdh;.rpm.incr;ement In^^ 
opcyre, giving H2 a value 6f 7010 ripm. At this point in - 

Mlm^. jthe comlputatipn ^at point -17$ in Figui-e 7 : 

^ begins:. Stabilized rotor temperature con-esponding 

^ •to 70lt) is 0:76; but not shown. Thus, -0.76 Is added 
at summer 149 to previous value of 0:75 provided by : 

^Z-block 153, giving a value of -O.OI at point 155. This ^ 
Is added by summer 1 57 to the last previous value at 
point 163. which was 0. giving an output at point 163 
of -0.01. Assume, again, the value of signal on line 
165 is unity. Therefore. HPRTEMP now has a value of 

-0.01. 

However, the rotor Is continuing to accelerate so 
that at the time the computation returns to point 175. 
the rotor speed Is now 7020 rpm. Normalized 
temperature for this speed is 0.77, and so -0.77 is 
added In summer 149 to the previous value provided 
by Z-biock 153 which Is +0.76, giving a value of 
-0.01 at point 155. The computations to the right of 
point 156 are the same as in the preceding 
paragraph. This value of -0.01 persists during the 
acceleration, until a constant speed is attained. 

The signal on line 165. produced by the decay rate 
schedule 142, has been assumed to be unity. 
However, in fact, the value of the decay signal is a 
function of N2, and the signal is generally between 
0.9 and unity, as Indicated. The decay signal 
determines how fast HPRTEMP will approach zero. 
For Instance. In the first example given above, during 
the second Iteration, the output of summer 149 was 
zero, but the signal on line 159 was -0.20. Further, 
the value at point 163 Is also -0.20. In the example. It 
was pointed out that the value at point 163 remains 
at -0.20 after the second iteration so long as the 


decay signal remains at unity. However, It Is now 
assumed that the decay signal equals 0.9. How. the 
value at point 163 will become -0.18 (i.e., 0.9 x -0,20). 
During the next iteration, this value of -0.1 8 Is applied 
5 to summer 157, giving a summer output of -0.18. 
which is then multiplied by the decay signal, giving a 
value of -0.162 at point 163 (0,9 x -0.18 equals 
-0.162.) This continual multiplication by the decay 
rate brings HPRTEMP to approach zero. (A step in 
10 the computer program sets HPRTEMP to zero when 
HPRTEMP falls below a certain value, such as 0.006. 
That Is, HPRTEMP does not asymptotically approach 
zero forever.) 
The decay rate schedule is generated from tests 
15 of the turbine with which the present invention is to 
operate, so that HPRTEMP decays to zero in the 
same time that the turbine rotor takes to reach its 
stabilized temperature. Therefore. HPRTEMP is 
caused to mimic the rotor temperature following 
20 changes in rotor speed. 

A system for estimating deviation of rotor tem- 
perature from steady-state value based on rotor rpm 
has been described. This deviation from steady- 
state value, indicated by HPRTEMP. Is used to 
25 compute the required temperature to which the 
shroud (more precisely, the rings 104 in Figure IB) 
must be driven. The computation of required, or 
demanded, shroud temperature will now be dis- 
cussed. 

30^ * ' ■ . }■•; 

; Demanded Shroud Temperature Computatior^ fev- . 

In Figure 8. rotor speed; N2, is fed 'to 'two> 

35 schedules, namely, a cold rotor schedule 180 and;^ • 
stabilized rbtor schedule 183., These two schedules^ • 
^ in the same manner as schedule 140 in Figure^?;: 
associate a temperature ratio (Tc/Ta) with eveiy- ' 
rotor speed, the latter being on the horizontal axis In 

40 each schedule. Tc Is demanded shroud temperature 
and Ts Is the temperature of the ninth stage 
compressor bleed. The reason for dividing Tc by T3 
will be explained later. 
A simplified explanation of the use of schedules 

45 180 and 183 in Figure 8 will first be given, followed by 
a more detailed explanation. In simplified temis. the 
schedules 180 and 183 plot the parameter Tc/Ta as a 
function of core speed. N2, both for a cold rotor and 
for a stabilized rotor. The computation of Figure 8 

50 interpolates between the two schedules based on 
rotor temperature, indicated by HPRTEMP as fol- 
lows. Let it be assumed that core speed. N2. is 
14,000 rpm, giving schedule temperatures of 0.7 and 
0.4 for a stabilized rotor and a cold rotor, respec- 

55 lively, as Indicated. (Again, as in schedule 140 In 
Figure 7. temperature is not given In degrees.) 
Summer 186 subtracts the cold rotor temperature 
from the stabilized rotor temperature, giving a result 
of + 0.3 at line 1 89. This difference of 0.3 Is multiplied 

60 by HPRTEMP In multiplier 192. (The reader will recall 
that HPRTEMP ranges from -1 to -I- 1 . Thus, in effect, 
the multiplication which occurs in multiplier 192 
takes a percentage of the difference 0.3.) The 
product of multiplier 192, on line 195. is added to the 

65 stabilized rotor temperature in summer 198, thus 
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providing an interpolation between the cold rotor 
schedule 180 and the stabilized rotor schedule 183 
on line 202. 

That Is, Figure 8 describes an interpolation of the 
following form: Value at point 202 = (Stabilized 
rotor Tc/T3 - cold rotor Tc/Ta) X HPRTEMP + 
Stabilized rotor Tc/Ts. If HPRTEMP equals 0.5, the 
interpolation simply takes the mean (i.e., average) 
value between the two schedules 180 and 183. 

The effect of HPRTEMP upon the interpolation 
should be noted. If HPRTEMP Is 0, Indicating, as 
explained above, that rotor temperature is sta- 
bilized, then the output of multiplier blocl< 192 Is 0. 
causing the stabilized rotor temperature obtained 
from schedule 183 to be applied directly to line 202. 
If HPRTEMP has a value of -1. Indicating that the 
rotor Is very cold with respect to the stabilized 
operating temperature which it will attain if Its 
present speed is maintained, the difference between 
the two schedules (i.e., the output of summer 186) Is 
subtracted (in summer 198) from the stabilized 
schedule 183, and the result appears on line 202. 
This has the effect of lowering the scheduled shroud 
temperature, as from point 205 to point 207 in 
schedule 183. which is proper, Inasmuch as the cold 
rotor requires a smaller, colder ring. 

However, If HPRTEMP has a value of +1, 
indicating that the rotor is hot, as compared with the 
stabilized rotor temperature that would occur at the 
present operating speed, schedules 180 and 183 are 
not used, but Tc/Ta is set to a constant value of 2.0.. 
by the action of, block 225, acting through swjtch' 
21 5: the signal reaching multiplier 217 is now 2.0. 
-•-■ The normalization of Tc by T3 jn temperature 
schedules 180 and 183 wiirnow be considered. T3 is 
tlie tiempe'rature of ninth stage compressor air. This ■ 
air Is also vented Into the cavity containing rotor 123 
In Rgure 1 as Indicated by arrow 212. The reasons' 
for the venting &e unconnected wittii.thd clearance; 
control of the presisnt Invention. However, this rilhth 
stage bleed air tends to raise the temperature of the 
rotor, thus expanding the rotor. Consequently, Ts 
affects the rotor diameter, because T3 thermally 
expands the rotor. Therefore, T3 is used to normalize 
Tc In schedules 180 and 183 In Figure 8, and an 
example will explain this normalization in more detail. 

For example. If Tc Is large, con*espondlng to a hot 
rotor having a large diameter, then T3 must also be 
large In order for the ratio Tc/T3 to equal the value 
scheduled. For example, If the scheduled value is 0.4 
as indicated In schedule 180. and if T3 has a value of 
370*". then in order for the ratio Tc/Ts to equal 0.4. 
scheduled Tc must equals 148^. If T3 had a lower 
value, such as 200**, then for the same scheduled 
value of 0.4, Tc must equal 80*. Therefore, this 
example Illustrates thatTa normalizes the scheduled 
Tc by modifying the Tc according to the thermal state 
of the rotor as indicated by ninth stage compressor 
bleed. In the example, a larger T3 induces a larger Tc, 
because a hotter, expanded rotor requires a hotter, 
expanded shroud. 

This discussion now returns to the computation of 
demanded shroud temperature following the inter- 
polation between schedules 180 and 183. Assuming 
that switch 215 connects point 202 to multiplier 217. 


then the denominator In the ratio Tc/Ts is removed in 
multiplier block 217 by multiplication by T3. The 
previous addition of the value 273 in summer 219 
converts T3 temperature to degrees Kelvin, which Is 
5 absolute temperature. This conversion to an abso- 
lute scale Is done because thermal expansion Is, In 
the first order approximation, proportional to abso- 
lute changes in temperature. 
The output of multiplier 217 is re-converted to 
10 degrees centigrade by subtraction of 273 in summer 
221. The output of summer 221 is TCDMD. which is 
the demanded temperature to which the shroud 
should be brought. 
If the switch 215 is In the position shown, contrary 
15 to that assumed above, the position shown results 
from the comparison made .in block 225. This 
comparison has determined that HPRTEMP (which 
Indicates the amount of deviation of rotor tempera- 
ture from steady-state temperature at the present 

20 speed) exceeds a hot threshold, and, accordingly, 
TCDMD is doubled by multiplying by the factor of 
2.0. The doubling is necessary because a rapid, targe 
expansion of the shroud is required because of the 
excursion of HPRTEMP past the threshold. An 

25 example requiring this doubling of TCDMD Is the 
following. 

After a rapid deceleration of the engine, the gas 
stream 489 In Figure 1 cools significantly, allowing 
the shroud 36 to cool and shrink. However, the 

30 thermal mass of the rotor 123 is large, and so the 
rotor does not shrink a corresponding amount. 
Therefore. TCDMD is doubled, in order to call for ^n 

| . expansion of the shroud. - r ^ 

A method bf computing TCDMD by interpolating* 

35 between cold and hot rotor schedules, normalized 
by Tc, and based on HPRTEMP, has been described. 
Once TCDMD. the demanded shroud tenriperatu^^^^ 
has been computed, the PIP ring temperature. 

;* controller 1'33; ;.ln Figure 6 . generates, a signal,-. 

40 HPTCDMD 1, which indicates the percentage posi- 
tion to which valve poppet 94 in Figure 1 A should be 
driven. The ring temperature controller Is shown In 
greater detail In Figure 9. 

45 

PIP Controller 

The controller in Figure 9 is a proportional. 
Integral, derivative controller (PID), Implemented 

50 digitally, as known In the art. The proportional, aspect 
is illustrated In box 230, the derivative aspect in box 
223 and the integral aspect in box 236. A gain 
schedule 239, scheduling gain according to N2, core 
speed, applies the scheduled gain to multiplier 242. 

55 In the prefenred embodiment, the gain is actually 
constant, as Indicated by dashed line 245. However, 
situations can be envisioned wherein the gain 
changes as a function of N2, as Indicated by solid 
schedule 247, in order to compensate for a change 

60 In the dynamics of the system illustrated in Figure 1 A 
as core speed changes. For example, at high engine 
speeds, the shroud temperature responds faster to 
changes In the air delivered by manifolds 101 In 
Figure 1A because the mass flow rate through the 

65 manifolds Is greater than at low speeds. Thus a gain 
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function 247 In Figure 9, which is scheduled as a 
function of speed, is shown. 

The derivative aspect of the controller, in box 233, 
derives an error signal between measured shroud 
temperature. Tc. and demanded shroud tempera- 5 
ture, TCDMD. The eror signal is on line 249. Z-bIocl< 
261 and summer 255 subtract from the current 
measured shroud temperature, Tc. on line 269, the 
last measured shroud temperature. To. and' the 
difference is presented to multiplier 257 on line 259. 10 
This temperature difference on line 257 is the 
change in shroud temperature occunring over the 
time period between the present computational 
Iteration and the last iteration. In the limit, as the time 
period approaches 0. the difference approached is a 15 
true time derivative. The time difference is multiplied 
by the derivative gain provided on line 261, and 
subtracted from the en*or signal in summer 264. 

The reader vi^lt note that if the derivative (i.e., 
difference) signal on line 259 Is very small, indicating 20 
that shroud temperature. Tc, is changing at a very 
slow rate, and if the derivative gain on line 261 is 
unity, then the modification to error signal 249 
occurring in summer 264 by the derivative signal on 
line 259 is small. Restated, small rates of change of 25 
shroud temperature have little influence upon the 
error signal on line 249. 

Conversely, if a large, rapid, swing in shroud 
temperature occurs, then a large derivative signal is 
^pplied tQ. summer 264.. ^. / . ...I qq 

:/ Aa;example will illustrate .oneVhase/.b^ . 
;pf the: derivative, controller. Let^it- b§i, assumed .that . 
/demanded sliroud tempisrature; if CD^^ 

shroud ; temperature, Tc, ^so .that an ^n^on . • > - 

;signa5;exlsts ,on,Jine.,24ai .and has a.lpositive .^gn- - 35 
Further, let It; b^e..^8^sumed that' Tc' .hasVrepently.; '.. 
V^r''ORP?cl dfasticaJly. tiius providing a large derivative ' 
signal on line 259, whicli is negative. (TTie'^negative^ 
sign arises because the last previous Tc. on line 

267, is given a negative sign as indicated. The 40 
drop of Tc means that the last Tc is larger than the 
present Tc, and so (present Tc) - (last Tc) is 
negative.) The negative derivative on line 259 is 
subtracted in summer 264. thus mal<lng more 
positive the already positive error signal. 45 

Qualitatively, this can be viewed as a situation In 
which a suddenly shrunken shroud, when accompa- 
nied by a demand for a much larger shroud, causes 
the error signal on line 249 to be drastically 
Increased In magnitude by the derivative signal on 50 
line 259. Restated, a rapid change in shroud 
temperature in a direction which Increases the error 
signal on line 249, causes a further Increase in the 
error signal due to the derivative on line 259. On the 
other hand, a rapid change in shroud temperature 55 
which serves to decrease the error signal on line 
249, causes the error signal to be further diminished, 
as the following example will show. 

Assume, as above, that demanded shroud tem- 
perature, TCDMD. exceeds actual shroud tempera- &) 
ture, with the result that a positive en-or signal 
appears on line 249. Further assume that shroud 
temperature Tc has been rapidly rising, so that the 
previously measured shroud temperature, on line 
267. is smaller than the present temperature on line 65 


269. thus giving a positive derivative signal on line 
259. This positive derivative signal is subtracted In 
summer 264, thus having the effect of reducing the 
error signal on line 249. 

Stated in other terms, if actual shroud tempera- 
ture happens to be moving in the direction of 
demanded shroud temperature, the derivative con- 
troller reduces the en-or signal on line 249 by use of 
summer 264. Conversely, if the actual shroud 
temperature is moving away from demanded shroud 
temperature, the error signal on line 249 is increased 
by summer 264. The amount of increase and 
decrease of the error signal is a function of both the 
time rate of change of the shroud temperature (on 
line 259) and the derivative gain applied to multiplier 
257. In general, the greater the rate of temperature 
c^nge. the greater the modification to en-or signal 

The integral aspect of the PID controller will now 
be considered. In simple terms, the integral control- 
ler 236 produces a time integral of the signal 
appearing on line 270. The signal on line 270 is the 
output of the derivative block 233. which includes 
the error signal on line 249. which is (TCDIVID minus 
TC). The signal on line 270 will be termed a P/D-error 
signal 270. 

For example, a small, constant. P/D-error signal 

becomes integrated into a rising error signal on line 
273, That Is, the magnitude of the integrated signal 
273, and .thus^.its influence upon the systemr 
depends upori .the lifetime of the P/D-error signal 
.270, ^s.yyell as -upon its magnitude. Restated,. 'i 
small..long:lived P/D-error signal 270 hasa generaliy 
similar ;influenc«~ as a- large, short-lived .P/bierr^r 
sign^: . ; : r X^-:/ ";t 

'^^^ P/P;error signal is applied .to; summer 275; 
.^^®r haying been multiplied by the, integrarga^^^ 
multiplier 277. The last previous output oif suhim^r 
275 Is then added to summer 275 through Z-block 
279, and the output of summer 275 is added to the 
original P/D-enror signal on line 270 in summer 278, 
the latter having been multiplied by the proportional 
gain In multiplier 242. A numerical example will 
Illustrate this. 

If the P/D-error signal 270 is assumed to be 0.1 
(arbitrary units) and the integral gain is assumed to 
be unity, and if it is further assumed that this value of 
0.1 on line 270 represents a sudden jump from a 
value of 0, then the input to summer 275 on line 281 
is 0.1. Input from Z-block 279 on line 284 is 0. Thus, 
the output of summer 275 is 0.1. which is added to 
the error of 0.1 In summer 278 giving an output on 
line 273 of 0.2. During the next iteration, the 0.1 
P/D-error on line 270 Is added to the last output of 
summer 275 by Z-block 279. which Is 0.1. resulting in 
a present ou^ut of summer 275 of 0.2, which is 
added to 0.1 in summer 278, giving a present output 
of 0.3 on line 273, and so on. Therefore the output on 
line 273 continually Increases In response to a 
constant Input. 

The output of summer 275 is limited between 
values of 12.5 and 62.5 by limlter 290. 

The output of the PID controller Is a variable 
HPTCDMDI, representing the demanded valve posi- 
tion for valve poppet 94 in Figure 1A. The signal 
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HPTCDMDI Is. In effect, a percent ranging from 0 to 
100. and selects one of the valve positions as 
described in connection with Figure 3. 

One significant feature of the use of a PID 
controller lies in its associated Bode plot, which Is 
shown in Figure 14. In the Bode plot, system gain is 
plotted as a function of frequency. Two points 
should be noted. First, gain refers to the amount of 
shroud heating as compared with the error signal on 
line 249 In Figure 9. In general, a large amount of 
heating In response to a small error signal repre- 
sents a large gain. 

Second, frequency has a different meaning in the 
Bode plot than is commonly understood. That Is, the 
frequency in Figure 14 refers to a frequency variable 
in the frequency domain in which a LaPlace 
transform exists. When the time-domain mathemati- 
cal equation representing the PID controller in 
Figure 9 is converted into the frequency domain by 
taking its LaPlace transform, a purely mathematical 
operation has been undertaken. The transformed 
equation becomes a function of an independent 
variable, s, which is frequency; in the time domain, 
the independent variable was t. time. However, in 
fact, the PID controller will rarely see an error signal 
in sinusoidal form, which is the type commonly 
considered as having a frequency. Rather, the term 
frequency in the Bode plot has, perhaps, more 
meaning when referring to the rate of change of 
error signals. That is, rapidly changing signals are 
considered to be high-frequency, while . slowly 
changing signals are considered low-frequency. 

In the prjesent invention, the Bode plot indicates 
that system gain decreases with increasing fre- 
quency In region 300, levels off somewhat in region 
303, and then increaises With increasing frequency fn 


If Ts does not exceed Tc. then switch 323 applies a 
71<Wo signal to line 326. The signal on line 326 is used 
only if comparator 329 finds that HPTCDMD (I.e.. 
demanded valve position) exceeds 650/o, indicating 
5 that a large amount of shroud heating, in excess of 
the modulation range, (I.e.. the range of 12.50/o to 
62.50/0) is demanded. If so, then either the 71o/o or 
81.50/0 signal from switch 323 in comparator 320 is 
used, depending upon rotor temperature as Inferred 
10 from ninth stage bleed temperature, Ts.' 

If comparator 329 indicates that a large shroud 
expansion is not required, then switch 332 applies 
HPTCDMDI. on line 336, to line 339. Another way to 
view the operation just described Is the following. 
15 If comparator 320 indicates that ninth stage air is 
hotter than the shroud, then the 81 .50/0 signal, 
calling for large shroud heating. Is applied to line 326 
and is then applied to valve 80 in Figure 1A if 
comparator 329 in Rgure 10 indicates that a large 
20 (more than 650/o valve position) shroud expansion is 
demanded by the PID in Figure 9. 

If ninth stage air Is not hotter than the shroud, as 
determined by comparator 320 in Figure 10, then the 
710/0 signal Is applied to line 326 and is used if 
25 comparator 329 detennines that a large (more than 
650/0) shroud expansion is being demanded. How- 
ever, irrespective of whether ninth stage air is hotter 
than the shroud, as deduced In comparator 320, if 
comparator 329 determines that a large shroud 
30 expansion is not being demanded (less than 65o/o is 
demanded), then the demanded valve position, 
HPTCDMDI, on line 336, as limited between 12.5 arid" 
: • 62.50/0 by iimiter 342. is applied to line 33?! . 
, .[ The signal on this latter line 339 is applied to llnef 
'55 345, wh^^ leads to valve. 90 in Figure lAi if- 
, M comparator 347 determines that shroud cooling Is ' 
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signal indicated to line 375. As discussed above in 
connection with Figure 3B, this has the effect of 
applying only fifth stage air to the shroud. Under 
these circumstances, the shroud shrinks because 
fifth stage air Is colder than the shroud. $ 

However, if comparator 369 indicates that fifth 
stage bleed is hotter than the shroud, then the 71oyb 
signal is applied to line 375. As Figure 3D indicates, 
the 710/0 signal causes the vaive 80 to block all bleed 
airflow to the shroud. The shroud then attains a io 
temperature unaffected by compressor bleeds. In 
one sense, no active clearance control is applied 
when fifth stage bleed is hotter than shroud 
temperature. 

Restated, comparator 369 decides the way to 15 
keep the shroud as cold as possible. Fifth stage 
compressor bleed is the coldest bleed available, but 
under some conditions it can be hotter than the 
shroud. Thus, comparator 369 chooses fifth stage 
bleed (ie. the 12.50/o position) If Tartest) is less than 20 
Tc. If Tc is less than T27(est). then no air (Ie, the 7^o/o 
position) is chosen. 

Another way to view the maximum cooling logic is 
the following: if comparator 347 indicates that 
shroud cooling is being demanded, then cooling 25 
occurs only if fifth stage air (the cooler of fifth and 
ninth stages) is cooler than the shroud. If not, airflow 
to the shroud is blocked by the 71 0/0 position of 
valve 80 in Figure 1A. It should be noted that the 
preceding applies only if a back-up system has not. r so 
takesn over .Controrof shroud airflow. yrhe back-up r-l: - 
systems willinow be dis;cussed. :^^; ,-!y | 

BACK':-UP\sHRbUD TEMPERATURE ■ V!^' • I 

COMPUTATION / • . . . . - 55 


■ ^ ^* Transient Detebtion ' >^j^V. .v. 

The back-up system can be viewed as including 40 
three components, namely, a component which 
ascertains the occurrence of a transient (I.e., an 
acceleration or a deceleration), a component which 
computes a back-up valve position for use during 
the transient, and a component which computes a 45 
back-up valve position for use during steady-state 
operation. The component which ascertains the 
occunnence of a transient Is shown in Figure 1 1 . 

In that figure, a regulator (not shown) provides a 
signal to blocks 400 and 404. The regulator is a 50 
component, known in the art, associated with the 
engine fuel control (again not shown), which Is also 
known in the art. As block 400 Indicates, a regulator 
value of either 6 or 8 indicates that a deceleration is 
occurring, while block 404 indicates that a regulator 55 
value equal to either 7 or 9 indicates that an 
acceleration is occurring. As to the former case, if a 
deceleration is occurring, switch 406 applies a -0.04 
signal to line 408. Of necessity, a second switch 410 
will occupy the false position, because the answers 60 
to the inquires of blocks 400 and 404 are mutually 
exclusive; they cannot both be true or both be false. 
Therefore, during a deceleration, a signal having a 
value of -0.04 is applied to input 412 of summer 414. 

Ignoring, at present, the effect of any signal which 65 


may be applied on line 416 to multiplier 420, during 
each iteration, summer 414 and 2-block 423 cause 
the variable HPTCTRANS to decrease by 0.04 during 
each computational Iteration. The decrementing 
continues until HPTCTRANS reaches a limiting value 
of -1 , shown by llmiter 426. 

Similarly, during an acceleration, switch 410 will be 
in the true position, causing HPTCTRANS to incre- 
ment by the value of +0.12 during each iteration, 
and reach a limit of + 1 as indicated by limlter 426. 
The programming steps indicated between point 
430, on the left, and point .433. on the right, are 
executed in less than 120 milliseconds. Therefore, 
when blocks 400 and 404 indicate that either a 
deceleration or an acceleration Is occurring, 
HPTCTRANS rapidly attains a value of either positive 
or negative 1, generally in five seconds or less. 

The preceding discussion has ignored the effect 
any signal on line 416 may have on the computation 
of HPTCTRANS. Such signals will now be con- 
sidered. Two decay rate schedules are contained in 
blocks 440 and 443. and these decay rates affect the 
rate at which HPTCTRANS is brought to 0 once the 
transient has terminated. Block 447 controls switch 
450 which determines which schedule Is used. An 
example will Illustrate the decay of HPTCTRANS. 

Once the transient has terminated, a zero signal is 
applied to input 412 of summer 414 because of the 
effects of blocks 400 and 404 on switches 406 and 
410. If the signal on . line 416 were unity, the., 
computation indicated in box 453 .wouldi^maintain 
HPTCTRANS .atits present value Indefinitely. How-- 
ever, the decay, rates are actually numbers ranging : 
from negative unity to positive unity; the accelem-.- 
tipn decay rates in schedule 443 range from -1 tdvO; : 
the deceleratioriTdecay rates in schedule 440 range 
from 0 to +1..;!t for, example^ HPTCTRANS has a-v 
value of -1. -Jndlcatihg that a deceleration has ' 
occun-ed. switch 460 is forced to the ^se position, 
applying a deceleration rate to multiplier 420. 
Assume the rate in block 440 is 0.9. Consequently, 
HPTCTRANS is multiplied by 0.9 during each 
iteration of box 453, which drives HPTCTRANS to 
very near 0 within twenty or thirty seconds. 

One significant feature of the HPTCTRANS calcu- 
lation is that HPTCTRANS attains a value of positive 
or negative unity only when the regulator Indicates 
that an acceleration or a deceleration Is occurring 
for a sufficient length of time which allows the 
repeated adding, in the case of an acceleration, of 
-h0,12 to accumulate to unity. Viewed another way, a 
time-hysteresis Is introduced. That Is, merely a 
momentary Indication by the regulator of an acceler- 
ation or deceleration will not bring HPTCTRANS 
immediately to +1 or -1 unless the momentary 
Indication lasts long enough to allow sufficient 
iterations by summer 414 to drive HPTCTRANS to 
+ 1 or -1. When the momentary indication termi- 
nates, the signal on line 416 then decays 
HPTCTRANS to 0. 

HPTCTRANS is, in some respects, similar to the 
variable HPRTEMP calculated in Figure 7. That is, 
when HPTCTRANS has a value of plus or minus 
unity, an acceleration or deceleration, respectively, 
Is occurring. When the acceleration or deceleration 
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stops, HPTCTRANS gradually decays to 0. 
HPTCTRANS Is used to compute the back-up 
demanded shroud temperature for use during a 
transient, as shown in Figure 12. 

Back-up Shroud Temperature Computation for 

Transient 

In Figure 12, HPTCTRANS is fed to three sche- 
dules, one for a hot rotor (460), one for a stabilized 
rotor (463) and one for a cold rotor (466). The effect 
of box 469, at the bottom of the figure, will be 
Ignored for the present. Let it be assumed that 
HPTCTRANS has a value of + 1, indicating that an 
acceleration Is occun-lng. The output of the hot rotor 
schedule 460 Is 71o/o. and 81.5o/o from both the 
stabilized rotor and cold rotor schedules 463 and 
466. Assuming, for the present, that switches 
471A-C are all in the true position, block 474 
Interpolates among the three valve positions based 
on HPRTEMP. 

The interpolation is done as follows. If HPRTEMP 
is greater than zero, block 474 interpolates between 
the hot schedule 460 and the stabilized schedule 
463, In the manner of Figure 8. If HPRTEMP Is less 
than zero, block 474 Interpolates between the cold 
schedule 466 and the stabilized schedule 463, again, 
as in Figure 8. 

As a result, a back-up, transient, demanded valve 
position, HPTCTRNDMD is computed. This back-up 
signal is fed to demand selection block 138 In 
Rgure 6 and transmitted to the valve 80 if conditions 
require. " v 

Switches 471 A - C are controlled by the output of 
^OR gate 476. As Indicated, if either measured To or: 
»T3 is considered to be invalid, switches 471 A - C are 
driven to the 71 o/d (false) position. Since, as 
indicated In Figure 3D, the 71o/o valve , position 
blocks compressor bleed from reachini^ the shroud, 
no heating or cooling air is applied when these 
measured temperatures aire invalid. (The occurrence 
of the interpolation In box 474 does not affect this, 
because interpolation among three identical 71 o^ 
values, applied by switches 471 A - C, produces 71 o^ 
as a result.) 

Further, three 71 o^ values are also fed to box 474 
when Tc exceeds T3, as determined In OR-gate 476. 
meaning that ninth stage compressor bleed tem- 
perature (T3) exceeds shroud temperature (Tc). This 
has the effect of terminating all air flow to the shroud 
during a condition known as a hot rotor reburst. 
which will now be explained. 

When an aircraft pilot reduces throttle setting, as 
In making a descent for landing, core speed. N2, 
decreases, thereby reducing the centrifugal force 
applied to the rotor, thereby reducing the centrifugal 
stretching previously experienced. In addition, the 
temperature of the gas stream 489 In Figure 1 
Impinging upon blades 21 Is reduced, reducing the 
themial growth of the blades, and, since this air also 
contacts the shroud 36, the diameter of the shroud 
becomes reduced as well, although the shrinkage of 
the shroud lags that of the rotor by a few seconds. 

For various reasons, the pilot may request a 
sudden increase In thrust under these conditions, 
whereupon the turbine rotor 123 accelerates to a 


high speed. The rotor 123 experiences an expansion 
because of centrifugal force, which is nearly instan- 
taneous and which decreases the clearance 33. 
Somewhat later, the heat of the alrstream 489 
5 causes the turbine blades to expand, further 
decreasing the clearance. While it may be desirable 
to expand the shroud at the time when the 
acceleration is occumng, the temperature of the 
ninth stage compressor bleed will, in general, be too 
10 low because of the low compression occurring 
during the time of reduced N2, as well as during the 
initial stages of the acceleration. Therefore, the 
engine is designed such that the cold diameter of 
the shroud 36 clears the rotor when the rotor 
15 experiences this Instantaneous expansion. 

Restated, no conveniently available source of hot 
air exists for expanding the shroud 36 during such 
rebursts. Therefore, the shroud is manufactured to 
have a sufficient clearance 33 to clear the turbine 

20 blades during a hot rotor reburst. After the reburst, 
when T3 exceeds Tc (ie, ninth stage bleed becomes 
hotter than the shroud) switches 471 A -C in Figure 
12 all reach their respective true conditions, and a 
value between 710/o and 81. 50/0 is fed to the valve in 

25 the form of HPTCTRNDMD. As shown in Figures 3D 
and 3E, these percentage values represent part or 
all of the super-ninth bleed available, which Is the 
hottest compressor bleed available. Accordingly, 
the shroud 36 Is forced to grow thermally along with 

30 the thermal growth of the rotor. 

Box 469, at the bottom of Figure 12. will now be 
considered; Switch 490 refers to a switch under the 
• control of the pilot by which the pilot Indicates > 
, ; whether a takeoff or a de-rated takeoff is occurring; -> 

35 One type of de-rated takeoff is that occurring oh a 
hot day such as W F. On such a hot day, fUll <. 
throttle is not used, but a reduced throttle setting is ^ 
' selected. This causes the rate of fuel delivery to the | 
combustor to be reduced, thereby reducing the 

40 amount of heat given off by the burning fuel, thereby 
reducing the temperature of the gas stream 489 in 
Figure 1 reaching the turbine blades 21. If fuel flow 
were not reduced, the incoming 100"* air. as 
compared with more usual 60**. air. In effect, adds 

45 40° to the temperature of the gas stream impinging 
the turbine blades. This excessive temperature can 
damage the turt^ine blades, and so the reduced fuel 
flow Is used to reduce the heat supplied by the 
combustor in order to compensate for the Increased 

50 heat supplied by the atmosphere. 

Under these conditions of takeoff or de-rated 
takeoff, switch 490 In Figure 12 is In the true 
position, feeding the valve position scheduled in the 
cold rotor schedule 466 to line 493. However, in the 

55 absence of takeoff or de-rated takeoff, the 81.5% 
signal on line 496 Is fed to line 493! This 81.50^ signal 
(i.e.. super-ninth) has the effect of preventing the 
termination of airflow to the shroud when slow 
accelerations occur. 

60 During a slow acceleration. HPTCTRANS, com- 
puted in Figure 1 1 , can have a near 0 value, because 
the decay rate signal on line 416 can tend to cancel 
the incrementing or decrementing occurring by the 
signal on line 412. Therefore, the valve position 

65 scheduled by schedule 474 In Figure 12 can be as 
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shown by point 505. which is the 71o/o position, 
which terminates airflow. Viewed another way, the 
cold rotor schedule 466 contains scheduling infor- 
mation that is only relevant when the rotor is cold, 
that is. just before takeoff. At times when such 
information is relevant, the pilot causes switch 490 
to be In the true position. Otherwise, switch 490 is in 
the false position, applying the 81 .50/0 signal to line 


Back-up Shroud Temperature For Steady-State 

Figure 13 will now be discussed, which describes 
the shroud temperature demand computed for the 
back-up, steady-state case. (The term "steady 
state" refers to the situation when core speed. N2. is 
constant, instead of accelerating or decelerating. 
This term should not be confused with the term 
•stabilization" used above in connection with rotor 
temperature. For example, speed N2 can be at 
steady state, yet the rotor need not be at a stabilized 
temperature.) 

Interpolation between schedules 510 and 512 in 
Figure 13 is undertaken, based on HPRTEMP. This 
interpolation is similar to that undertaken In Figure 8 
and the discussion given for that figure applies to 
this Interpolation as well. In addition, for reasons 
similar to those discussed In connection with block 
469 in Figure 12, block 511 in Figure 13 selects the 
cold rotor schedule 510 when the pilot Indicates that 
a takeoff or derated takepfif is (Xcurring;.Otherwise, 
the'62.6.perceht (regular ninth): position i^;selecte.d; v- 
, The iriterpolatipn pirovldes a :perpent -valve posit 
;^tio^ at point: 514. VVhether this interpolated valve . 
position Is us or the 719/p (no air) position at point - 
516<isused, isdetermin^^^ Switch 518 

; is cqntrollied byv comparator^ 520" which . Inquires 
whether .the deviation of rotor temperature from 
steady state; indicated by HPRTEMP. exceeds a 
limit. HOTTH. If so, airflow to the shroud is 
terminated, because switch 516 attains the true 
position. The output of switch 518 Is a back-up, 
steady-state, shroud temperature demand! 
HPTCSSDMD. Schedules 510 and 512 are generated 
from engine perfomianoe data In the same manner 
as schedules 180 and 183 in Figure 8. 

The two back-up demand signals, HPTCSSDMD 
from Figure 13 and HPTCTRNDMD in Figure 12. are 
fed to demand selection block 138 In Figure 6 as 
indicated. Further, the transient indicator signal, 
HPTCTRANS. Is fed to the demand selection block, 
as is the output, HPTCPMD. of the PID controller in 
Figure 9, as limited In Figure 10. The demand 
selection block 138. based on signals T3SST and 
TCSST, which indicate whether the signals Tc and T3 
are valid and should be believed, selects one of the 
three shroud demand signals (I.e.. HPTCDMP 
HPTCRNDMD. or HPTCSSDMD) and delivers the 
selected signal, HPTCDMDO to a controller, known 
in the art, which drives the valve 80 In Figure 1A to 
the percentage position indicated by HPTCDMD. 

Signals TCSST and T2SST are derived in a manner 
known in the art. 


GENERAL CONSIDERATIONS 
Several Important aspects of the foregoing are: 

1 . The PID controller 133 in Figure 6 does not 
affect the back-up signals produced by blocks 

5 1 28 and 1 30. Restated, when a back-up signal is 

used, it is used without modification by the PID 
controller, 

2. The decay rate schedule 142 in Figure 7, 
used to drive the stability indicator HPRTEMP 

10 too, in general, has a value between 0.9 and 1.0 

as Indicated. The exact form of schedule 142 Is 
determined empirically. . That is, the second 
spool (I.e., the high-pressure compressor 18 
and turbine 21 in Figure 1) is accelerated from 
15 one speed to a second speed and the length of 

time taken to reach steady- state operating 
temperature at the second speed is measured. 
The process is repeated in order to obtain 
sufficient data to generate the decay rate In 
20 schedule 142 in Figure 7. 

Further, the exact form of the decay rate 
schedule will depend upon the length of time 
needed by the computer to return to point 175, 
on the left in Figure 7. after executing the rest of 
^ Its tasks, such as computing the logic de- 

scribed In Figures 8 - 13. (Schedule generation 
Is known in the art.) As a result, HPRTEMP will 
decay to 0 In a manner which tracks, or 
: . parallels, the approach of the rotor temperature 
30 \ y % . to its steady-§tate value. : ' \ / x--. . 

*v : / W ' ; 3. Jhe discussion above, with . regard to the 
; proportional and integral controller in Figure 9. 
-'-<f i: can i?e applied to 2-blpcks .153 and , 161 in 
\ i Figure. 7. Such an application; will show tfiat 
35, /: . Z-block 153 serves to provide a derivative signal 
- at point 155, the derivative being the time 
::. derivative of rotor temperature, while Zrbiock 
■ * ' 161 serves to Integrate the signal present at 
point 163 but weighted by the decay rate in 
40 multiplier 167. 

4. The Interpolation described in Figure 8 can 
also be viewed as an averaging, a weighting, or 
even an extrapolation. As to weighting and 
averaging, the difference between the two 

45 schedules 1 80 and 1 83, appearing on line 1 89, Is 

weighted by HPRTEMP. and ttien added to 
stabilized rotor schedule 183 in summer 198. 
A similar result can be obtained using an 
extrapolation. The maximum difference to be 

50 expected on line 189 is known, and ttiat same 

maximum (Instead of the output of summer 
186) can simply be weighted by HPRTEMP In 
multiplier 192 and added to the stabilized rotor 
schedule 183. Alternately, the actual difference 

55 itself can be scheduled as a function of N2, and 

fed directly to multiplier 192, eliminating the 
need for subtraction by summer 186. 

5. As discussed In the section above entitled 
"Rotor Temperature Computation," the tem- 

60 perature computed is modified depending upon 

whether the engine is undergoing a transient. 
For example, the discussion given in connec- 
tion with decay rate schedule 142 indicates that, 
during an acceleration, steady state tempera- 

65 ture of the rotor which would be attained at the 
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present speed Is modified by a delaying factor 
in order to mimic the actual deiay which the 
rotor takes in reaching steady state tempera- 
ture. At least in this example, rotor temperature 
is computed based on factors which include the 
time history of rotor speed. 
Numerous substitutions and modifications can be 

undertaken without departing from the invention as 

defined by the following claims. 


Claims 

1. In a method of controlling the clearance 
between turbine blades and a shroud in a gas 
turbine engine, the improvement comprising 
the step of 

(a) computing a demanded temperature 
for the shroud, based on a historical 
record of turbine speed behavior. 

2. A method of controlling tip clearance in a 
turbine In a gas turbine engine, comprising the 
following steps: 

(a) ascertaining turbine rotor tempera- 
ture; and 

(b) computing a demanded shroud tem- 
perature In response to the rotor tempera- 
ture. 

3. A method according to Claim 2 in which 
turbine rotor temperature Is ascertained from 
rotor speed. 

4. In a method of controlling clearance 
't)etween turbine blades and a -Shroud in a 
'turbine In ' a gas turbine engine- the improve-, 
mentcomprisirig: ' ' . • ; 

' (a) deriving a demanded temperature for" 
the shroud from a turt>ine rotor tempera- 
ture.";; ' • ' •' ■ 

5. A method of controlling tip clearance In a 
turbine in el gas turbine engine, comprising the 
following steps: 

(a) Inferring rotor temperature from 
rotor speed; 

and 

(b) computing demanded shroud tem- 
perature In response to Inferred rotor 
temperature. 

6. The method according to Claim 1 and 
further comprising the following step: 

(c) adjusting shroud temperature in 
response to the demanded shroud tem- 
perature. 

7. The method according to Claim 2 and 
further comprising the following steps: 

(d) computing a back-up shroud tem- 
perature; and' 

(e) adjusting shroud temperature in 
response to the back-up shroud tempera- 
ture when demanded shroud temperature 
is inaccurate. 

8. A method of controlling tip clearance In a 
turbine in a gas turbine engine, comprising the 
following steps: 

(a) calculating the deviation of rotor 
temperature from a steady-state tempera- 


ture; and 

(b) computing demanded shroud tem- 
perature in response to the deviation. 

9. The method according to Claim 4 and 
5 further comprising the following step: 

(c) adjusting shroud temperature in 
response to the demanded shroud tem- 
perature. 

10. The method according to Claim 5 and 
10 further comprising the following steps: 

(c) computing a back-up shroud tem- 
perature 

(d) adjusting shroud temperature in 
response to the back-up shroud tempera- 

is ture when demanded shroud temperature 

is Inaccurate. 

1 1 . In a method of controlling tip clearance in a 
turbine In a gas turbine engine, the improve- 
ment comprising: 

20 (a) deriving a demanded temperature for 

the shroud for back-up use during tran- 
sients; and 

(b) deriving a demanded ternperature for 
the shroud for back-up use during steady 

^ state. 

12. A method of controlling tip clearance In a 
turbine In a gas turbine engine, comprising the 
following steps: 

(a) deriving turbine rotor temperature 
30 from turbine rotor speed ; 

(b) deriving a demanded shroud tem- 

. : P®'^,^.re frofp the turbine jbtpf tempera-' 
. • - affd, ' ' . " V 

. ; ' (ci computing a, back-up' demanded 
35 .J . shroUd ' temperature based '^^^p^^ 

■ rbtoHemperature and rotor spiked: ' . : 

•■'^ V). i?- A . method of controlling tip clearance in a 
; " ' . turblne iri a' gas turbine engine, compri^ihg the 

; fpllowlhig steps: ; ' \' 

40 (a) deriving turbine rotor temperature 

from turbine rotor speed; 

(b) deriving a first demanded shroud 
temperature from the turbine rotor tem- 
perature; and 

45 (c) computing a back-up demanded 

shroud temperature by interpolating bet- 
ween second and third demanded shroud 
temperatures. 

14. A method according to Claim 13 In which 
50 ttie second and third demanded shroud tem- 
peratures 

(d) each correspond to a different rotor 
temperature, and the Interpolation Is 
based on the derived shroud temperature 
55 of(b). 

15. In a method of controlling clearance 
between turbine blades and a shroud In a gas 
turbine engine, the improvement comprising 
the following steps: 

60 (a) deriving turbine rotor temperature 

from turbine rotor speed; and 

(b) computing a back-up demanded 
shroud temperature by Interpolating bet- 
ween 

65 (I) a first demanded shroud temperature 
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corresponding to a first rotor temperature 
and 

(li) a second demanded shroud tempera- 
ture corresponding to a second rotor 
temperature, and making the Interpolation s 
based on derived rotor temperature. 
. 16. In a method of controlling clearance 
between turbine blades and a shroud In a gas 
turbine engine, the Improvement comprising 
the following steps : io 

(a) deriving turbine rotor temperature 
from turbine rotor speed; and 

(b) computing a back-up demanded 
shroud temperature by Interpolating bet- 
ween a first demanded shroud tempera- is 
ture and a second demanded shroud 
temperature based on derived rotor tem- 
perature. 

17. A method of controlling tip clearance In a 
turbine In a gas turbine engine, comprising the 20 
following steps: 

(a) deriving turbine rotor temperature 
from turbine rotor speed; 

(b) computing a demanded shroud tem- 
perature from the turbine rotor tempera- 25 
ture; and 

(c) computing a back-up demanded 
shroud temperature using the following 
steps: 

; (i) ascertaining the deviating of measured • -.30 
. . :; rotor temperature from a stabilized tern-, w. 
peratiire; Vm-/'. ^ .. " ^ 

.' (ii) ascertaining, cienfianded; shroud tern-- . ; . ; * 
.;■ perature for the " stabilized 'temperature;: 4.' ; 
1 ••••and . J- '■ . i,35'[ V- 

(iii) modifying the: demanded shroud tern- 
• perature of (b) based on the deviation, f . ? 

18. A method of controlling tip clearance in a - v ' •"\ ; . 
turbine in a gas turbine engine, comprising the 
following steps: 40 

(a) deriving turbine rotor temperature 
from turbine rotor speed; 

(b) computing a demanded shroud tem- 
perature from the turbine rotor tempera- 
ture; and 4S 

(c) computing a first, back-up, de- 
manded shroud temperature using the 
following steps: 

(I) ascertaining whether the engine is 
undergoing a transient and producing a 50 
transient signal in response; 

(II) In response to the transient signal, 
ascertaining demanded shroud tempera- 
tures for different rotor temperatures: and 

(iii) deriving the first, back-up. demanded 55 
shroud temperature by Interpolating bet- 
ween demanded shroud temperatures of 
(c)(n). 

19. A method of backing up an active 
clearance control for a turbine shroud In a gas 60 
turbine engine, comprising the following steps: 

(a) computing a back-up shroud tem- 
perature needed for a turbine rotor opera- 
ting at a reference temperature; and 

(b) modifying the shroud temperature 65 


based on an Inferred deviation of actual 
rotor temperature from the reference tem- 
perature. 

20. A method of computing turbine rotor 
temperature for use in a control system in a gas 
turlDlne engine, comprising the following steps: 

(a) measuring turbine rotational speed; 

(b) maintaining a schedule of data pairs, 
each pair containing 

(i) a turbine temperature and 

(ii) a rotational speed; 

(c) storing an. intemiediate signal 
(HPRTEMP) Indicative of the turbine tem- 
perature paired with present rotational 
speed; 

(d) when turbine speed changes, caus- 
ing HPRTEMP to indicate the magnitude 
and direction of the change ; and 

(e) after a turbine speed change, caus- 
ing HPRTEMP to return, at a controlled 
rate, to a value indicating steady-state 
operation. 

21 . A method of controlling shroud clearance 
in a gas turbine engine, comprising the follow- 
ing steps: 

(a) computing the deviation of actual 
rotor temperature from steady-state rotor 
temperature; 

(b) computing the deviation of shroud 
temperat!Lii:e .^frorn a steady-state shroud 

v.: temperatureand ' 

(c) using the deviation oiF paragraph (a). 
computing a:demanded shroud tempera- . 
tu^e.^ •\ ' -y.] "1" . V,.,- . 

22: A method according to Claim 21 in which 
the comjputing of a demanded shroud tempera- . 
ture' comprises the step oMnterpblating bet-, 
■ween •• . ' v. 

(i) a demanded shroud temperature for a 
cold rotor and 

(ii) a demanded shroud temperature for 
a rotor at steady-state temperature, based 
on the deviation of paragraph (a). 

23. In a method of controlling clearance 
between a turbine rotor and a shroud in a gas 
turbine engine, the improvement comprising 
the step of: 

(a) computing the deviation in shroud 
temperature from a steady-state value 
which corresponds to a measured devia- 
tion of rotor temperature from a steady- 
state value. 

24. In an active clearance control for controll- 
ing clearance between a shroud and turbine 
blades In a gas turbine engine, the improve- 
ment comprising: 

(a) a system for computing a back-up 
demanded shroud temperature. 

25. In a system which controls clearance 
between turbine blades and a shroud In a gas 
turbine engine, the improvement comprising : 

(a) a back-up system which computes 
demanded shroud temperature based on 
deviation of inferred turbine rotor tempera- 
ture from a reference. 
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26. In an active clearance control for a turbine 
In a gas turbine engine, the improvement 
comprising: 

(a) means for inferring rotor temperature 

from rotor speed and 5 

(b) means for computing a demanded 
shroud temperature in response to the 
rotor temperature. 

27. In an active clearance control for a turbine 

in a gas turbine engine, the Improvement 10 
comprising: 

(a) means for detecting a deviation of 
rotor temperature from a steady state 
value; and 

(b) means for computing a demanded is 
shroud temperature based on the devia- 
tion. 

28. In an active clearance control for a gas 
turbine, the improvement comprising : 

(a) means for detecting a change In 20 
rotor speed, and 

(b) means for computing a demanded 
shroud temperature In response. 

29. A control according to Claim 28 and further 
comprising: ^ 

(c) means for modifying shroud tem- 
perature in response to demanded shroud 
temperature. 

30. In an active clearance control for a gas 
turbine engine, the Improvement comprising : 30 

(a) a data base of steady-state rotor 
temperatures, each associated with a rotor 
speed; 

(b) means for inferring deviation of rotor - 
temperature from steady state tempera- , ■ 35 
ture;and 

(c) means for computing .a demanded, 
shroud temperature in response to the. 
deviation of paragraph (b). . 

31. A back-up system for use with an active 40 
clearance control for a turbine shroud in a gas 
turbine engine, comprising: 

(a) a schedule which indicates shroud 
temperature needed under reference 
operating conditions ; and 45 

(b) means for Inferring the shroud 
temperature needed under non-reference 
conditions by extrapolating from the sche- 
dule based on deviation of the non-ref- 
erence operating conditions from the ref- 
erence operating conditions. 

32. A back-up system for use with an active 
clearance control for a turbine shroud In a gas 
turbine engine, comprising: 

(a) a schedule which Indicates shroud 55 
temperatures' needed for respective tur- 
bine speeds under steady-state operating 
conditions; and 

(b) means for modifying one of the 
scheduled shroud temperatures based on eo 
deviation of an operating condition from 

the steady-state conditions. 

33. A control for controlling the clearance 
between a turbine rotor and a shroud in a gas 
turbine engine, comprising: es 


(a) temperature calculation means for 
providing a signal (HPRTEMP) Indicative of 
rotor temperatures; 

(b) shroud demand means for providing 
a signal (TCDMD) Indicative of a demanded 
shroud temperature in response to 
HPRTEMP; 

(c) means for bleeding air at a first, low, 
temperature from a compressor stage of 
the engine; 

(d) means for bleeding air at a second 
temperature, higher than the first, from a 
different compressor stage of the engine; 

(e) duct means for delivering bleed air to 
the shroud; and 

(f) valve means for controlling the 
relative amounts of low temperature and 
high temperature air applied to the shroud. 

34. A control according to Claim 33 In 
which the temperature calculation means 
derives HPRTEMP from measured rotor 
speed. 

35. A control according to Claim 33 In 
which the temperature calculation means 
further comprises a model of engine 
performance which infers HPRTEMP from 
a group of measured variables, the group 
Including rotor speed. 

36. A control according to Claim 33 in 
which the shroud demand means derives 
TCDMD by Interpolating between 

(I) a shroud temperature for a c6ld rotor 
' ' and 

(II) a shroud temperature for a rotor at a 
stabilized temperature. 

37. A control according to Claim 33 in which 
7 V the shroud demand means comprises means 

: for interpolating between 
; 1 ' (i) a schedule of corrected shroud 
temperatures for a cold rotor at different 
speeds; 

(ii) a schedule of corrected shroud 
temperatures for a rotor at a stabilized 
temperature, the corrected temperatures 
being corrected based on temperature In a 
selected compressor stage. 

38. A control according to Claim 33 in which 
the valve means comprises: 

(i) a first Inlet chamber for receiving low 
temperature air; 

(11) a second Inlet chamber for receiving 
higher temperature air; 

(ill) an outlet chamber; 

(iv) a first aperture connecting the first 
Inlet chamber with the outlet chamber; 

(v) a second aperture connecting the 
second inlet chamber with the outlet 
chamber; 

(vi) poppet means for selectively 

(A) blocking both apertures; 

(B) blocking the first aperture completely, 
while blocking the second aperture to a 
first predetermined degree; 

(C) blocking the first aperture completely, 
while blocking the second aperture to a 
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second, greater, predetermined degree; 

(D) partially blocking both apertures to 
respective predetermined degrees; 

(E) blocking the second aperture com- 
pletely, while restricting the first aperture 
In a predetermined amount; 

(F) partially blocking both apertures In 
amounts computed in response to 
TCDMD. 

39. A control according to Claim 33 and further 
comprising a proportional-integral-derivative 
controller for controlling the valve means. 

40. A control according to Claim 33 and further 
comprising a control system In which the gain 
varies approximately as follows: 

(a) for frequencies below a first fre- 
quency, the gain decreases with Increas- 
ing frequency; 

(b) for frequencies between the first 
frequency and a second frequency, the 
gain remains substantially constant; and 

(c) for frequencies above the second 
frequency, the gain Increases with Increas- 
ing frequency. 

41. An apparatus according to Claim 33 and 
further comprising: 

(b) detection means for ascertaining 
whether the first demanded shroud tem- 
perature is correct. 
;;;42..jn a prinTary system- for cbntrplllng. tip 
»• clearaihce of a turbine, the improvement com-. 
Uprising:, , . . . . %;.r^ -- 

T :;|;;(a) ia . back-up system for u^ Wheri ihe 
. • /Rrlmary system is not operating ;properly. 
r;':, comprising.: ■ }t ' ^ 

;(i) transjentdetectioh nieansfpr ascertain-; 
^ ing wtiether the turbine is ^accelerating, 
decelerating, or operating at steady state ; ' 
(ii)means for computing a first demanded 
shroud temperature If the turbine is not at 
steady state; and 

(ill) means for computing a second de- 
manded shroud temperature if the turbine 
Is at steady state. 

43. An apparatus according to Claim 42 and 
further comprising: 

(a) means for modifying the first and 
second demanded shroud temperatures 
during takeoff. 

44. An apparatus according to Claim 42 In 
which the back-up system further comprises: 

(b) means for modifying the first de- 
manded shroud temperature based on 
transient severity. 

45. An apparatus according to Claim 42 in 
which the transient back-up system further 
comprises: 

(b) means for modifying the first de- 
manded shroud temperature based on 
transient duration. 

46. An apparatus according to Claim 42 In 
which the transient detection means comprises 
means for ascertaining the severity of a tran- 
sient. 

47. In a clearance control for a turbine In a gas 
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turbine engine, the Improvement comprising a 
pair of back-up systems, including : 

(a) a first back-up system comprising 

(1) detection means for detecting the 
occurrence of a transient and providing a 
transient signal In response; 
(ii) means for deriving the shroud tempera- 
ture needed during a transient based on 
both the transient signal and measured 
rotor temperature; and 

(b) a second back-up system compris- 
ing 

(i) means for deriving the shroud tempera- 
ture needed during steady state based on 
measured rotor temperature. 
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